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Abstract—Variability of low frequency noise (LFN) in MOSFETs is bias-dependent. Moderate- to large-sized transistors commonly 
used in analog/RF applications show 1/f-like noise spectra, resulting from the superposition of random telegraph noise (RTN). Carrier 
number and mobility fluctuations are considered as the main causes of low frequency noise. While their effect on the bias-dependence 
of LFN has been well investigated, the way these noise mechanisms contribute to the bias-dependence of variability of LFN has been 
less well understood. LFN variability has been shown to be maximized in weak inversion (sub-threshold), while increased drain bias 
also increases LFN variability. However, no compact model has been proposed to explain this bias-dependence in detail. In 
combination with the charge-based formulation of LFN, the present paper proposes a new model for bias-dependence of LFN 
variability. Comparison with experimental data from moderately-sized NMOS and PMOS transistors at all bias conditions provides 
insight into how carrier number and mobility fluctuation mechanisms impact the bias-dependence of LFN variability. 
 
Index Terms— charge-based model, low frequency noise, MOSFET, variability, weak inversion 
I. INTRODUCTION 
CALING down of CMOS technologies leads to both shrinking of device area and operation in sub-threshold region. Under 
these conditions, variability of low frequency noise (LFN) becomes dominant and thus LFN becomes a key limiting factor in 
circuit design. In small devices, LFN is dominated by random telegraph signals (RTS) [1] which are caused by the capture and 
subsequent emission of charges at discrete trap levels near the oxide interface [2] - [7]. Each carrier trapped close to the silicon-
oxide interface causes RTS in time domain, corresponding to a Lorentzian spectrum. The power spectral density (PSD) of LFN 
in a large-area MOSFET results from the superposition of such Lorentzians while the increased number of traps ensures the 
inversely proportional to frequency behavior (~ 1/f). This trapping - detrapping mechanism causes carrier number fluctuations 
(McWhorter model [8]), which is one of the main contributors to LFN. This effect is adequately covered by a number of basic 
LFN models available in bibliography [9] – [12].  
On the other hand, transistors in analog and RF circuits  
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typically have a very large area, from tens to thousands of square microns. The Lorentzian-like spectra are responsible for strong 
LFN deviation in small area devices where number of traps is quite low [5], [13]. In larger-area transistors, LFN variability is 
mainly affected by operating conditions and as it will be shown in this work, is connected with carrier number fluctuation (ΔΝ) 
[8] and mobility fluctuation (Δμ) [14], [15] effects. 1/f noise variability is minimum in high-current region [16], while it 
increases as inversion becomes lower reaching a plateau in weak inversion [17]. Finally, the non-uniformity of channel under 
high drain bias causes higher variability in saturation as compared to linear region [4], [7]. Studies of statistical LFN variability 
have focused mainly on area-dependence [13], [18] – [22], while attempts have been made to describe the bias-dependence of 
noise variability [4], [7], [16]. A simple empirical model relating LFN variability to transconductance-to-current ratio gm/ID [23] 
has been shown to provide satisfactory results for saturation from weak to strong inversion. However, no physics-based and truly 
compact model for the bias-dependence of LFN variability in MOSFETs has been proposed so far. 
The main goal of the present work is to propose a complete physics-based compact model of 1/f noise variability in all 
operating regions of the MOSFET. A charge-based model of LFN including ΔΝ and Δμ fluctuations has been described formerly 
[24] – [26]. In this work, we apply the mathematical equations of statistics to the above charge-based model of ΔΝ and Δμ 
fluctuations. The resulting compact model provides new insight into bias-dependence of LFN variability of MOSFETs. The 
model is shown to agree with measurements in N- and P-channel MOSFETs in all bias conditions, and results are in general 
agreement with known literature. The model for noise variability can easily be implemented in the charge-based EKV3 compact 
MOSFET model [25], [27], [28]. 
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II. DEVICES AND MEASUREMENTS 
On-wafer 1/f noise measurements were performed on N- and P-channel devices in an experimental 180nm CMOS process 
flow. LFN spectra of 30 dies of NMOS and PMOS W/L=5μm/2μm transistors are measured over one wafer in both saturation 
and linear regimes, with |VDS| = 1.2V and 50mV, respectively, from weak to strong inversion, with |VGS| = 0.35, 0.4, 0.45, 0.5, 
0.55, 0.6, 0.8, 1.2, 1.8V. Additionally, drain bias dependence is analyzed, with |VDS| = 0.05, 0.15, 0.3, 0.6, 1.2V at two gate 
voltage values, |VGS| = 0.6, 1.2V, to closely examine the  bias-dependence  of  1/f 
 
Fig. 1.  Relative power spectral density of drain current noise SID for N-channel MOSFETs with W=5μm, L=2μm. Bias conditions are around-threshold with 
VGS=0.5V (leftmost: VDS=50mV, left-center: VDS=1.2V), and strong inversion with VGS=1.8V (right-center: VDS=50mV, rightmost: VDS=1.2V). Variability is 
increased at low gate bias, and increases with increased drain bias. 
 
noise variability versus bias conditions. The measured 
frequency range is from 2 Hz up to 2 kHz. 
Fig. 1 shows the measured spectra of W/L=5μm/2μm 
transistors in different cases with a slope close to 1/f. 
Variability of 1/f noise is clearly seen to be maximized at 
low gate bias, and at high drain bias. Similar behavior can 
be observed in PMOS devices. 
Fig. 2 shows the noise data, as gathered in the first 
analysis, averaged in a bandwidth of 10 - 50 Hz, referred to 
1 Hz, showing measured output noise PSD WLSID/ID2 
versus ID/(W/L), for N-channel and P-channel devices from 
subthreshold to strong inversion, in both linear and 
saturation modes. 
III. PHYSICAL 1/F NOISE MODEL 
As mentioned above, the basic contributors for LFN are 
ΔΝ and Δμ effects. A charge-based model for the mean 
value of LFN covering these effects has been proposed [24] 
– [26]. Firstly, the normalized PSD WLfSδΙ/ID2 of a local 
noise source, concerning a slice Δx, is given by [25] for 
both ΔΝ and Δμ effects, respectively: 
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where qi is the local inversion charge density, Ntr=WLkTλNT 
is the number of traps, with NT the oxide volumetric trap 
density per unit energy in eV-1cm-3, evaluated close to the 
Fermi energy level, k the Boltzmann constant, T the 
absolute temperature, q the electron charge, f the frequency, 
λ ≈ 0.1 nm the tunneling attenuation distance, α=αC2nUTCox 
is related to the Coulomb scattering, μ is the carrier 
mobility, αH is the unitless Hooge parameter, and NSPEC the 
specific density in cm-2 defined in Table I, and W, L the 
device width and length. The latter defines also essential 
charge-voltage and current-charge relationships in the 
charge-based model, as well as other quantities for 
normalization of current, voltage, and charges. The 
normalized inversion charge densities qs(d) at source and 
drain, respectively, govern all other model quantities, such 
as transconductances, transcapacitances and noise, at all 
bias conditions [25], [28]. 
TABLE I 
DEFINITIONS OF ESSENTIAL CHARGE-BASED MODEL QUANTITIES 
 
TABLE II 
NOISE MODEL PARAMETERS 
PARAMETER SYMBOL UNITS NMOS PMOS 
NT NT eV
-1cm-3 3.1016 1.1017 
AC αC VsC
-1 7.103 1.3.105 
AH αH - 1.10
-6 2.10-6 
- αμ - 0.168 0.486 
After integrating (1) and (2) along the channel, the basic 
expressions for PSD of noise current are: 
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The above model (5) shows a good qualitative fit to the 
ln-mean data shown in Fig. 3, with parameters as in Table 
ΙI. The latter are comparable to results in [27]. The mean 
(expected) value E(WLfSID/ID2) vs. ID/(W/L) is shown in 
linear and saturation regions for both NMOS and PMOS 
devices. The noise model is shown to be consistent with 
measurements. The noise model is also shown as lines in 
Fig. 2, where average noise (markers) represent the ln-mean 
data of the measurements. 
 
 
Fig. 2.  Output noise WLSID/ID
2 referred to 1Hz, vs. drain current ID/(W/L), measured for a) N-channel and b) P-channel devices with geometry W=5μm, L=2μm 
in linear region at |VDS| = 50mV (left subplot) and saturation at |VDS| = 1.2V (right subplot). Measured noise: crosses. Measured ln-mean noise, ±2-sigma 
deviation: open markers. EKV3 model: average noise (lines), ±2-sigma deviation (dashed). 
While both ΔΝ and Δμ effects are technology-dependent, 
the ΔΝ effect appears to be always present while the 
appearance of Δμ effect depends on process [15]. As it can 
be seen from the same graphs, the ΔΝ effect determines 
noise level from moderate to strong inversion at high 
current, while correlated ΔΝ-Δμ noise (αμ effect) is also 
apparent. Δμ effect is dominant in sub-threshold region and 
appears as an increase over the weak inversion plateau of 
WLSID/ID2 as obtained from the ΔΝ effect.  
As it will be shown in the statistical noise analysis that 
follows, these fundamental effects influence the 1/f noise 
statistics in an analogous way. 
IV. STATISTICAL 1/F NOISE MODEL 
The noise of a MOS transistor itself is in fact the 
standard deviation of drain current. In order to model 
correctly the variations of 1/f noise, the parameters that are 
sensitive to these variations must be identified. From the 
physical LFN model, it can be concluded that ΔΝ and Δμ 
effects contribute to 1/f noise variability through variation 
of trap density NT and of parameter αH in (3) and (4). 
The procedure that will be followed is to calculate the 
variance of total noise PSD for each of ΔΝ and Δμ effects. 
This must take place before integration along the channel; 
otherwise, each ΔID caused by any fluctuation (e.g. a 
specific trap) would have the same effect, which is not valid 
[13]. 
Local noise sources in our modeling approach [25] are 
considered uncorrelated. The variance that will be included 
into the integral as shown below represents the local 
deviation corresponding to an elementary slice Δx of the 
channel. Finally, by integrating from source to drain, the 
total variance is obtained by summing all the local 
contributions. According to basic statistics, 
Var(f(y))=[δf/δy]2σy2. The deviated parameters are the 
number of traps Ntr for ΔΝ, and αH for Δμ effects, 
respectively. 
A. Variance of LFN due to Number Fluctuations 
The next step will be to calculate the variance of the 
parameter deviated locally in the channel. The number of 
traps Ntr=WLNt follows a Poisson distribution [7], [16] and 
hence σ2Ntr=WLNt, with Nt=kTλNT  [1], [3] the trap density 
in cm-2. 
The total normalized output noise due to ΔN effect is 
obtained by integrating (1) along the channel, 
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where the integration variable was changed to ξ=x/L. Now, 
we calculate the variance of (6): 
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where we have used Var(ax)=a2Var(x). The variance in (7) 
now appears within the integral since local noise sources 
are uncorrelated and thus Var(Σxi)=Σ(Var(xi)) where xi  is 
the local noise source. To calculate variance due to number 
of traps, the partial derivative of the integrand of (7) with 
respect to number of traps Ntr  should be calculated: 
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 11, NOVEMBER 2016 
 
4205 
2
1
1 2
t r
i
Var N
q
 


  
  
                    (8)  
2
22 4
1 1
/
1 2 1 2
i i
Ntr ttr tr
q q
N N WLN 
 
 
      
      
         
   
By substituting (8) into (7) and by changing the 
integration variable dξ to dqi = -id / (1+2qi) dξ we obtain: 
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where, 
 
Fig. 3.  Mean value (left), variance (center) and normalized variance (right) of output noise WLSID/ID
2, referred to 1 Hz, vs. drain current ID/(W/L) for both N-
channel (a) and P-channel (b) MOSFETs with W=5μm, L=2μm at |VDS| = 50mV and 1.2V, respectively. Markers: measured data (with error bars indicating 
standard error), lines: entire model (ΔΝ + Δμ), dashed: individual contributions (ΔΝ, Δμ) to 1/f noise. 
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By transforming (3) as:
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we obtain the normalized variance of output noise due to 
ΔΝ effect, using (9) and (11), as: 
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where K corresponds to the same quantity defined in [13]. 
Note that here, (13) provides an explicit model for K, in 
contrast to [13] where K is defined as an integral expression 
which is not suitable for compact modeling. The term 
ΛD|ΔΝ/[16 (ΚD|ΔΝ)2] approaches unity in weak to moderate 
inversion irrespectively of VDS, while it approaches unity 
throughout weak to strong inversion at small VDS. (13) 
corresponds to the normalized variance  of  1/f  noise  at  all  
TABLE III 
PARAMETERS OF LFN VARIABILITY MODEL 
PARAMETER SYMBOL UNITS NMOS PMOS 
ENT ENT - 1 4 
EAC Eαc - 0.3 0.25 
EAH EαH - 0.1 0.1 
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bias conditions, based on the assumption of a Poisson 
distributed number of traps of Ntr=WLNt, as described 
above, assuming that only ΔΝ effect is present. 
B. Variance of LFN due to Mobility Fluctuations 
In the following, the variance due to Δμ effect – because 
of fluctuation of αΗ parameter – is calculated. The total 
normalized output noise due to Δμ effect is obtained by 
integrating (2) along the channel: 
2
1
2
0
1 1
DI
H
D iSPEC
S
fWL d
I N q

 


                                          (14)  
We now calculate the variance of (14): 
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The variance of the quantity [(1/qi)αH] is calculated as: 
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Fig. 4.  Mean value (left), variance (center) and normalized variance (right) of output noise WLSID/ID
2,  referred to 1 Hz, vs. drain voltage VDS for both N-channel 
(a) and P-channel (b) MOSFETs with W=5μm, L=2μm at |VGS|=0.6 and 1.2V, respectively. Markers: measured data (with error bars indicating standard error), 
lines: entire model (ΔΝ + Δμ), dashed: individual contributions (ΔΝ, Δμ) to 1/f noise. 
 
No information is a priori available on the standard 
deviation of αΗ parameter. We can assume here that 
σ2αH=αH/(WLNSPEC), so that variability due ΔΝ and Δμ 
effects will have similar geometrical scaling.
 
By substituting (16) into (15) and by changing the 
integration variable from dξ to dqi, we finally obtain: 
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C. Total Variance of LFN 
The total variation of 1/ f noise, according to (5), can 
finally be calculated as, 
2 2 2
2 2 2
D D DI I I
D D D
S S S
I I I
Var WLf Var WLf Var WLf

  
 
 
    
      
      (18) 
Equations (9)-(10), (17) and (18) describe the new 
charge-based statistical 1/f noise compact model. The new 
model provides an explicit and truly compact formulation 
of bias-dependent LFN variability, formulated as a function 
of inversion charge densities at source and drain, qs and qd. 
This model reflects the situation in long-channel devices 
and does not explicitly include short-channel effects. 
The parameters of the physical model, NT, αC, αH, 
presented in Table II, are also used in the statistical model. 
However, to provide the necessary flexibility to the 
statistical model, the following parameters are defined: 
ENT≈ NTS /NT, EαC≈ αCS /αC and EαH≈ αHS /αH where NTS, αCS, 
αHS replace NT, αC, αH in (9) and (17). Furthermore, the term 
1/(WLNt) in (13) transforms to ENT/(WLNt). The parameters 
of the statistical model, ENT, EαC and EαH, shown in Table 
III, are obtained by fitting (18) to measured variance data, 
as will be discussed below. 
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V. RESULTS AND DISCUSSION 
Bias-dependency of LFN noise statistics is very 
interesting. As it will be shown below, ΔΝ and Δμ effects 
will determine variance in the region where each effect is 
dominant in the LFN model. Thus ΔΝ will affect 1/f noise 
variance mostly in moderate to strong inversion, while Δμ 
in sub-threshold region. 
The dashed lines in Fig. 2 represent the ±2σ standard 
deviation as obtained from the variance model (18) 
proposed in the present work, and give a reasonable 
estimate of the respective data spread (markers). This 
representation confirms the consistency among physical and 
statistical charge-based LFN models. 
Noise measurements are very sensitive, particularly in 
weak inversion [17]. As a consequence the handling of 
statistical noise quantities is very sensitive, particularly so 
the normalized variance of noise. Based on the log-normal 
distribution of noise (e.g. [13], [18] – [22]), data in Figs. 3 
and 4 show ln-mean values for average noise, while 
variance is calculated from σ(ln(WLSID/ID2)), and 
normalized variance is obtained by inverting the relation 
σ(ln(WLSID/ID2)) = √(ln[1+ Var(WLSID/ID2) / 
E2(WLSID/ID2)]) [18], [13]. Error bars corresponding to 
normalized standard error are also shown. 
Fig. 3 presents the measured normalized flicker noise, its 
variance, as well as normalized variance, versus normalized 
drain current, for both linear and saturation conditions and 
for either types of devices. The model is shown to correctly 
represent the average noise E(WLSID/ID2), its variance 
Var(WLSID/ID2), as well as the normalized variance 
Var(WLSID/ID2)/E2(WLSID/ID2). In each case, the markers 
represent the measured values for all devices on the wafer, 
while lines represent the statistical noise model integrated 
in the EKV3 charge-based compact model. 
The bias-dependence of the proposed model (18) is 
analyzed in center graphs of Fig. 3. The variance of 
normalized output noise at 1Hz – Var(WLSID/ID2) – shows a 
minimum in strong inversion and it becomes maximum in 
weak inversion, bearing some similarity with the expected 
value of noise E(WLSID/ID2) in left graphs of Fig. 3. In 
addition, in saturation region variance is higher in 
comparison to linear region, at all levels of drain current 
[4], [7], [13]. The complete model follows the data 
qualitatively well and with an appreciable consistency. 
Dashed lines representing the different noise deviation 
contributors provide some interesting insight. The ΔΝ 
effect is seen to be dominant in moderate to strong 
inversion. In weak inversion, the deviations due to ΔΝ 
effect in linear and saturation regions coincide. 
Furthermore, as the inversion level increases, the correlated 
number and mobility fluctuation (αμ product) – most 
prominent in PMOS – is seen to contribute to statistical 
LFN variance. This has been mentioned in [4], [7], [16], 
where however no physics-based compact model has been 
proposed. 
Detailed data is shown for both linear and saturation 
regimes in weak inversion. The increased deviation under 
high VDS conditions in comparison to linear region is well 
modeled through the mobility fluctuation (Δμ) effect. The 
ln(qs/qd) term in (17) is dominant in weak inversion and 
leads to higher variation in saturation, where (qs/qd) is large. 
Conversely, in linear region, qd is comparable to qs. 
Some interesting observations can be made by examining 
the normalized variance of output noise, 
Var(WLSID/ID2)/E2(WLSID/ID2), as shown in the right graphs 
of Fig. 3. As noted in the Section on ΔΝ model, the number 
of traps Ntr=WLNt is assumed to be Poisson distributed and 
hence Var(Ntr)=WLNt=WLkTλNT. At low VDS, supposing 
ideally EaC=1, we find that Var(WLSID/ID2)/E2(WLSID/ID2) = 
ENT/(WLNt) independently of bias for the whole range of 
inversion; see e.g. the discussion in [18], and Fig. 15 and 16 
in [19]. Indeed the present ΔΝ(αμ=0) model in linear mode 
is practically independent of drain current (hence VG) from 
weak to strong inversion. Other published data show a bias-
dependence, e.g. Fig. 11 in [13]. In our model, the bias-
dependence of normalized variance occurs when EaC≠1, 
because noise variance is affected by EaC while the mean 
value remains unaffected. In weak or moderate inversion 
(in absence of Δμ effect), independently of VDS, we find the 
same asymptotic value ENT/(WLNt), as indicated in right 
graphs of Fig. 3. For the NMOS case, where ENT=1, the 
above observation is reasonably well confirmed, if we 
ignore the incidence of Δμ effect. Hence, this indicates that 
the  above  reasoning  is  correct  and  supports  the  Poisson 
 
Fig. 5.  Normalized variance of normalized output noise vs. area, showing 
the same ~1/(WL) scaling trends for variability due to ΔΝ and Δμ 
variations. At VGS=1.2V, ΔΝ effect dominates, while Δμ effect dominates 
at VGS=0.4V (both at VDS=50mV). Lines: entire model (ΔΝ+Δμ), dashed: 
ΔΝ, dotted: Δμ contribution; circles: measured data of 5μm/2μm NMOS 
device (180nm CMOS); squares: NMOS data (140nm CMOS) [13], dash-
dotted: ΔΝ model for 140nm CMOS, at VGS=1.4V, VDS=0.1V, confirming 
the ~1/(WL) scaling trend. 
distribution of number of traps Ntr. For PMOS, the ENT 
parameter differs from unity, illustrating the usefulness of 
introducing some flexibility in the statistical model. 
Accordingly, the above assumption is less well supported in 
the present PMOS data. In strong inversion saturation, the 
ΔΝ(αμ=0) model shows increased normalized variance 
with respect to weak-moderate inversion or linear mode. 
Normalized variance in strong inversion is reduced for EaC 
values below unity, corresponding to a reduced impact of 
the αμ product in variance. In weak inversion, the Δμ effect 
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leads to an increase in variance, which is enhanced at 
higher VDS. A good estimate for both LFN and its variance 
at all bias conditions is required for correctly modeling the 
bias-dependent normalized variance. 
Fig. 4 shows normalized noise, variance, and normalized 
variance of noise, versus drain voltage, for a gate voltage in 
moderate and strong inversion, respectively. Both curves 
are dominated by the ΔΝ effect. The same model 
parameters are used as in Fig. 3. The modeled and the 
measured behavior concur qualitatively well, given that the 
model handles linear to saturation behavior without any 
parameter fitting. The drain voltage dependence of 
normalized variance is significantly more pronounced in 
strong inversion. Drain bias dependence of normalized 
variance can be significantly reduced in short-channel 
devices [13], which may be due to velocity saturation. 
Finally, Fig. 5 illustrates the geometrical scaling inherent 
in the present statistical LFN model. Either ΔΝ and Δμ 
effects show a scaling of normalized variance vs. area 
Var(WLSID/ID2)/E2(WLSID/ID2) ~ 1/(WL) – or equivalently, a 
scaling of normalized standard deviation vs. area 
σ(WLSID/ID2)/E(WLSID/ID2) ~ 1/√(WL), as is observed e.g. in 
[7] (for short-channel devices), [18]. Measured data from a 
140nm CMOS process [13] shown in Fig. 5 fully confirm 
the ~ 1/(WL) scaling for normalized variance. The present 
compact model provides, for the first time, analytical 
expressions for noise variability at all bias conditions. The 
model’s scaling properties are compatible with [13]. 
VI. CONCLUSIONS 
This paper investigates in detail the bias-dependence of 
low frequency noise variability in large-area, standard bulk 
MOSFETs. An analytical statistical compact model is 
developed, based on number and mobility fluctuation 
mechanisms ΔN and Δμ, where the LFN variability is 
obtained from the variability of trap density NT and Hooge 
parameter αH, respectively. The resulting compact model 
allows for the first time to cover analytically the observed 
variability of LFN over all bias conditions, from weak to 
strong inversion, as well as from linear to saturation 
regions. Data measured at our lab is from an experimental 
180nm CMOS process on N- and P-channel devices. ΔN 
and Δμ effects affect 1/f noise statistics in a consistent and 
similar way they affect 1/f noise ln-mean value. Typically, 
ΔΝ effect is responsible for noise variance behavior in 
(weak-) moderate to strong inversion. The examination of 
normalized variance lends some support for Poisson 
distributed number of traps Ntr. On the other hand, the Δμ 
effect (if present) may dominate in weak-moderate 
inversion. 
This work leads to a consistent model of variance of 1/f 
noise (18), containing both ΔN (including correlated ΔΝ-
Δμ noise) (9) and Δμ components (17). The noise 
variability model is highly consistent with the noise model 
at all bias conditions. Its parameters can be estimated from 
the parameters of the noise model itself, and may be further 
refined based on measured data. The bias-dependence of 
the statistical 1/f noise model has been validated for both 
gate and drain bias dependence. The geometrical scaling of 
the statistical noise model is consistent with data from [13]. 
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